Abstract. Investigating the function of both male and female mating behaviours is essential in our attempts to understand the evolution of mating systems. Variation in mating behaviours among different populations within a species provides a useful opportunity to explore how behaviours may co-vary, although comparative studies are still rather few in number. Population variation in mating behaviour may also have important implications in terms of the evolution of reproductive isolation, the distribution of genetic diversity within and between populations, and the associated ability of those populations to adapt. Here we consider male and female mating behaviour in two populations of the two-spot ladybird, Adalia bipunctata, from the UK and Russia. We find that male and female mating behaviours differ between the populations in terms of the length of female rejection behaviour and the duration of mating, and that this variation is independent of which population an individual's mating partner is from. Our data confirm that patterns of sexual selection and reproductive behaviour are likely to vary across populations in the two-spot ladybird. The extent to which this variation is due to current ecological factors or population history remains to be verified for this species, as for many others.
INTRODUCTION
Understanding both male and female mating behaviours, and the roles they play in determining mating outcomes, is essential if we are to determine the relative importance of the two sexes in the evolution of mating systems, and the extent to which these systems are dominated by sexual conflict and sexually antagonistic evolution (Arnqvist & Rowe, 2005) . This is also of particular importance in our attempts to understand why females mate with specific males, and why they frequently mate more often than appears to be optimal, despite receiving no clear, direct material benefits (Bateman, 1948; Trivers, 1972; Andersson, 1994; Arnqvist & Nilsson, 2000) .
Although variation in reproductive behaviour or morphology within populations and between species has been widely documented, there may also be variation between populations, within a species (e.g. Saarikettu et al., 2005; Shuker et al., 2006; Evans et al., 2011) . If populations differ in, for example, sex ratio, density, resource availability, the presence of predators, or any number of other ecological variables, there may be substantial differences in the strength of sexual selection and in the optimal mating rate for either or both of the two sexes (e.g. Kokko & Rankin, 2006) . Studies documenting such variation are less common than single-population studies, limiting our view of, for example, how mating behaviour varies across a species range. Importantly, if populations diverge in terms of their mating behaviour, this may eventually lead to reproductive isolation between them if the differences in behaviour mean that individuals from different populations are less likely to mate with each other than individuals from the same population (Coyne & Orr, 2004) . Conversely, if populations are isolated for extended periods then mating behaviours may evolve to prevent the deleterious effects of inbreeding within them (Charlesworth & Charlesworth, 1999) , or outbreeding between them (Pemberton et al., 1999) . Whatever the forces determining their evolution, differences in mating behaviours between populations are likely to lead to differences in the variance in reproductive success between the sexes, and between populations. This has important implications for both the strength and direction of sexual selection, and the relative effective population sizes of the sexes and the different populations. This will in turn influence the distribution of genetic diversity within and between populations and the associated ability of those populations to adapt (Nunney, 1993; Caballero, 1995; Charlesworth, 2001 ).
Here we consider male and female mating behaviour in two populations of the two-spot ladybird, Adalia bipunctata (Linnaeus). The two-spot ladybird is a naturally promiscuous beetle, with both males and females mating with many different partners throughout their lives both in the laboratory and in the wild (Majerus, 1994; Haddrill et al., 2008) . Two-spot ladybird populations are known to differ in terms of a number of important ecological variables, including the prevalence of different male-killing endosymbiotic bacteria that distort sex-ratios (Majerus & Hurst, 1997; Hurst et al., 1999; Majerus et al., 2000; Weinert et al., 2007) , the infection level of the sexually transmitted mite, Coccipolipus hippodamiae (Webberley et al., 2004) , and in the number of generations that are produced each year, with populations from colder climates producing only one generation per year, increasing up to three generations in populations with longer breeding seasons (Majerus, 1994) . There is also evidence for genetic differentiation between European populations (Haddrill, 2001) , and for other genetic differences, such as variation in the dominance relationships between alleles in the supergene controlling elytral colour and pattern variation; whilst melanic forms are dominant in European and Asian populations, phenotypically similar forms are recessive in populations from North America and New Zealand (Majerus, 1998) .
These ecological and genetic differences between twospot ladybird populations may therefore be associated with differences in mating behaviour in one or both of the sexes. Certainly there is evidence for variation in patterns of sexual selection through female mate choice (Majerus et al., 1982a, b; O'Donald & Majerus, 1992 , but see Kearns et al., 1992; Ritchie, 1992; Tomlinson et al., 1995) , and although females from different European populations do not differ in the average number of males fathering their offspring, there are suggestions that there is higher variance in the number of fathers in some populations compared to others (Haddrill et al., 2008) . This would result in higher variance in male reproductive success in some populations.
We therefore examine both male and female mating behaviour in two populations of two-spot ladybirds, one from the UK and one from Russia. We consider various characteristics of the female rejection response that is almost always observed when a male two-spot ladybird attempts to initiate mating. The rejection response involves a variety of behaviours, including lifting the abdomen at a steep angle to the substrate, kicking back at the male genitalia, running around moving the abdomen from side to side, and rolling over (Majerus, 1994) . Females can also pull their abdomen upwards inside the elytra, so the male genitalia physically cannot reach those of the female, and this behaviour completely excludes the possibility of mating occurring. Females may also continue to exhibit rejection behaviour during mating, after the male genitalia have engaged, and this is sometimes associated with a male dismounting before spermatophore formation is complete (Majerus, 1994; Ransford, 1997) . Rejection behaviour may function as a mean of preventing mating from occurring, or as a means of testing males, or both (Majerus, 1994; Perry et al., 2009, Haddrill et al., unpubl. data) . If females in different populations are more or less willing to mate, or if they prefer to mate with males from their own or different populations, they may therefore adjust the level of rejection behaviour when they encounter different males.
In addition, males may adjust their own mating behaviour in response to females from different populations. Mating bouts in two-spot ladybirds can consist of between one and three insemination episodes, each termed a "cycle". Each cycle represents the formation of a new spermatophore within the female's reproductive tract, and the male genitalia are not disengaged between cycles. For every additional cycle of mating, males therefore transfer greater numbers of sperm to the female (Ransford, 1997) , and longer copulations have been shown to result in increased levels of paternity achieved by a male (Haddrill et al., 2008) . Males may therefore adjust the number of cycles of mating they carry out with different females, and there is evidence of strategic ejaculate investment in this species (Perry & Rowe, 2010) .
We therefore assess whether either of the sexes adjust their mating behaviour in response to individuals from their own or different populations. We find that both female and male mating behaviours differ between the two populations, but that this variation is independent of the population of origin of an individual's partner.
MATERIAL AND METHODS
Experimental individuals were taken from laboratory stocks that originated in Cambridge, UK and from the Ural Mountain region of Russia. Both population stocks had been maintained under identical laboratory conditions for several years with reproducing individuals housed in equal sex-ratio groups of ten beetles and fed pea aphids (Acyrthosiphon pisum), and nonreproducing individuals maintained at 4°C and fed a diet of artificial food (see Majerus & Kearns, 1989 for details) to mimic overwintering conditions. Populations originating from the UK and Russia are known to differ in a number of ecological variables. For example, whilst Russian populations are known to be infected with the mite, Coccipolipus hippodamiae, this species has never been found infecting UK populations of two-spots (Webberley et al., 2006) . Populations from the UK and Russia also differ in terms of infection with male-killing bacterial endosymbionts. Both Rickettsia and Spiroplasma infections have been identified in UK populations (Weinert et al., 2007) , although the Cambridge population has only been found to be infected with the Rickettsia bacteria, at a prevalence of around 7% (Hurst et al., 1993) . Russian populations also harbour both Rickettsia and Spiroplasma infections, with prevalence estimates ranging from 5-50% and 18-44%, respectively (Schulenburg et al., 2002; Shaikevich et al., 2012) . However, some Russian populations have also been identified as being infected with the bacteria Wolbachia, with prevalence estimates of around 23% (Schulenburg et al., 2002) . These differences, and the associated differences in female fecundity and sex ratio may have important implications for patterns of mating behaviour in these populations.
Ten newly-eclosed virgin pairs of brothers and ten virgin pairs of sisters were selected from each population, housed individually and fed pea aphids (Acyrthosiphon pisum) ad libitum for seven days to ensure reproductive maturity. Pronotum width was measured for all individuals using digital calipers and there was no difference in size between groups of males or groups of females from the two populations (P > 0.05). Only individuals of the "typica" phenotype were used. These individuals, in sibling pairs, were then randomly assigned to one of ten repeats of each of the following mating trials:
(1) UK female × UK male ("same population" mating) (2) UK female × Russian male ("different population" mating) (3) Russian female × Russian male ("same population" mating) (4) Russian female × UK male ("different population" mating)
Each female was transferred to a clean 9 cm petri dish on a mating platform with their allocated male. Pairs were observed for 30 min and the length of any rejection and/or mating behaviour recorded. Rejection behaviour was recorded both before mating began, and during mating (after engagement of genitalia), where appropriate. We also recorded whether females exhibited the specific behaviour of pulling the abdomen upwards inside the elytra. When mating did occur, we recorded the length of mating, both in terms of the duration in minutes and the number of cycles of mating (i.e. the number of insemination bouts within a single mount; see above). As a single cycle of mating progresses, the positioning of the male on the female changes, such that the beginning of a new cycle can reliably be identified (Majerus, 1994) . In four trials (one of each of the four mating trial categories listed above), no mating attempt was made (i.e. the male made no attempt to mount the female), so these trials were excluded from the analysis. Of the 36 mating trials during which a mating attempt was made, there were four instances where mating did not occur (two Russian female × Russian male, one UK female × UK male and one Russian female × UK male). However, the rejection behaviour that had occurred between these pairs was still included in the data for rejection behaviour before mating began and counts of the number of females exhibiting the abdomen pulling behaviour. In all of these cases the male mating attempt was successfully rejected within five minutes, and no further mating attempts were made during the remainder of the 30 min observation period, so the pairs were separated.
RESULTS
We first investigated whether the specific population of origin of experimental individuals of either sex had any effect on mating behaviour. Measures of mating and rejection behaviour for individuals from the UK and Russian populations are shown in Tables 1 and 2 . Although female population of origin did not influence the number of females who ultimately mated (G-test of heterogeneity; G1 = 1.17, P = 0.28), it did have significant effects on rejection behaviour, with Russian females more likely to exhibit the abdomen pulling behaviour (G-test of heterogeneity; G1 = 6.81, P = 0.009) and performing rejection behaviour for significantly longer prior to the commencement of mating (Mann-Whitney U-test; rejection time before mating began, U18, 18 = 80.5, P = 0.003, see Fig. 1 ). These results were both independent of the population of origin of the male attempting to mate; i.e. Russian females rejected more often and for longer regardless of whether the male attempting to mate came from their own or the other population (see below). The differences between UK and Russian females in rejection time after mating began (Mann-Whitney U-test; U18, 18 = 152 P = 0.37) and total rejection time (Mann-Whitney U-test; U18, 18 = 205 P = 0.18) were not significant.
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There was also a significant effect of male origin on the length of mating in terms of the number of cycles of mating, i.e. in terms of the number of spermatophores transferred within a single mating. UK males were more likely to carry out two cycles of insemination within a given copulation bout, whilst Russian males were more likely to carry out three (G-test of heterogeneity; G2 = 6.39, P = 0.041, see Fig. 2 ). As above, this was independent of the population of origin of the female; i.e. Russian males mated for longer regardless of whether they were mating with females from their own or the other population (see below) and thus there was no difference in the number of cycles of mating received by females from different populations. This difference in number of cycles of mating between Russian and UK males did not result in a difference in the amount of time spent in copula (although the difference is close to significance; unpaired t-test, t30 = -1.81, P = 0.08). It therefore appears that both males and females from different populations differ in their mating behaviour, but that this is unaffected by the population of origin of their mating partner.
We therefore went on to test whether male and female mating behaviours were affected by whether an experimental individual's partner in the mating trial came from the same population or a different population to themselves. Table 2 also shows the descriptive statistics for female rejection and mating behaviour in response to males from their own or different populations. There was no difference in the number of females that mated (G-test of heterogeneity; G1 = 1.17, P = 0.28), that exhibited any type of rejection behaviour (G1 = 2.67, P = 0.10), or that exhibited the abdomen pulling behaviour (G1 = 1.19, P = 0.28) in terms of the population of origin of the male. In terms of the length of time females spent rejecting males, there was a tendency for females to reject males from their own population for longer, but this effect was not significant for any measure of rejection behaviour (MannWhitney U-test: total rejection time, U18, 18 = 91, P = 0.16; rejection time before mating began, U18, 18 = 132, P = 0.28; rejection time after mating began, U18, 18 = 107, P = 0.43). Females therefore do not seem to vary their rejection behaviour in response to males from their own or a different population. There was also no evidence for males adjusting their mating behaviour in response to females from their own or different populations (see Table 2 ). There was no difference in the length of mating between "same population" and "different population" mating trials, either in terms of the number of cycles of mating (i.e. the number of insemination bouts within a single mating, G-test of heterogeneity; G2 = 0.57, P = 0.75) or the time spent in copula (unpaired t-test: t30 = 0.49, P = 0.62).
DISCUSSION
We examined the rejection and mating behaviour of both male and female two-spot ladybirds originating from populations in the UK and Russia, in order to test first whether ladybird behaviour varies across populations, and second if such variation depended on whether individuals encounter mating partners from the same population of origin as their own, or from a different population. Components of both the male and female mating behaviour repertoire differed between the two populations, with the most notable being female rejection behaviour and male insemination behaviour. There was also a tendency for females to reject males from their own population for longer, but males did not adjust their mating behaviour in response to females from the same or different populations. Given that the number of copulation or insemination cycles has been shown to be a major determinant of the number of sperm transferred (Ransford, 1997) , this suggests that males invest similar numbers of sperm with females from their own and different populations. This finding indicates that the number of insemination cycles is a trait that is primarily associated with the male, rather than a function of both male and female. Unfortunately we were unable to collect data on the ultimate paternity success of males mating with females from different populations, but in future it would be interesting to deter- Fig. 1 . Length of time in seconds that female two-spot ladybirds originating from a UK population and a Russian population exhibited rejection behaviour in response to a male mating attempt. Rejection behaviour was measured prior to mating beginning, during mating (if appropriate), and in total. Fig. 2 . Number of cycles of mating carried out by male twospot ladybirds originating from a UK population and a Russian population.
mine whether the similar mating durations observed when males mated with females from their own or different populations translated into similar levels of paternity secured with different females, and conversely whether the difference in mating duration between Russian and UK males translated into different levels of fertilisation success.
We found significant differences in both male and female mating behaviour between the two populations. Females from the Russian population rejected males for significantly longer than females from the UK population, regardless of the population of origin of the male attempting to mate. Russian females were also more likely to exhibit the specific abdomen pulling rejection behaviour, which completely precludes the occurrence of mating because the male genitalia are physically unable to reach those of the female. Russian females thus exhibit stronger rejection responses than their UK counterparts, suggesting that they are either more reluctant to mate, or they are more choosy about who they mate with. Whilst females from the UK population have been shown to be highly polyandrous, producing offspring from between one and six males (Haddrill et al., 2008) , it is possible that Russian females mate with fewer males. Given that there is evidence to suggest that around five to six matings are optimal for females from the UK population in terms of the hatchability of their eggs (Haddrill et al., 2007) , this suggests that Russian females may mate at rates less than optimal, or that the optimal level of mating also varies between populations.
We also found evidence that males from the two populations differ in their mating behaviour, with UK males more likely to carry out two cycles of mating, whilst Russian males are more likely to carry out three. Given that mating duration has been shown to be a strong determinant of the level of paternity that a male achieves in both the UK and a Dutch population (Ransford, 1994; de Jong et al., 1998; Haddrill et al., 2008) , if the same is true of the Russian population then this suggests that Russian males transfer a larger quantity of sperm to females, and therefore sire a larger fraction of a female's offspring. It is interesting to speculate that if Russian females tend to mate at lower rates than UK females, there may be selection pressure on Russian males to mate for longer in order to increase their sperm competitiveness. Conversely, if UK females tend to mate at a higher rate, the best male strategy may be to carry out a larger number of shorter matings. In support of this, de Jong et al. (1998) showed that in a Dutch population of two-spots, both female rejection behaviour and male insemination behaviour were adjusted in response to female mating history, although in contrast to the scenario outlined above, they found that when females had mated at a high frequency they exhibited more rejection behaviour, and subsequent matings were longer than when females had mated only once. However, whilst their study examined the mating behaviour of multiply mated non-virgin individuals, the experimental individuals used here were all virgins and mated only once. It is likely that the mating decisions of both males and females differ depending on their mating history, and so it would be interesting to extend our study in future to examine how both male and female mating behaviours differ across a number of matings with partners from different populations.
Comparing within-and between-population interactions, our results suggest that whilst there does not appear to be an effect of the risk of outbreeding, for example due to the disruption of local adaptations or coadapted groups of genes (Templeton, 1986) , there may be some effect of the risk of inbreeding within populations on female mating behaviour, with females tending to reject males from their own population for longer than males from other populations. Two-spot populations are known to suffer very severe inbreeding depression, with inbred stocks only surviving two or three generations in the laboratory before fertility and egg survival declines to the point where most lines fail to produce any progeny (Majerus, 1994) . Selection may therefore strongly favour females who avoid mating with related males or with males from the same population as themselves (Hurst et al., 1996) . Inbreeding avoidance may also in part explain the high levels of polyandry in two-spots (e.g. Michalczyk et al., 2011) . Whilst relatively small sample sizes mean that we cannot draw any definitive conclusions from our data, the effect may be more pronounced if females experience mating attempts from close relatives. Alternatively, females may mate randomly with respect to the relatedness of their mate and bias paternity away from more closely related males, as has been shown in other species (e.g. Tregenza & Wedell, 2002; Bretman et al., 2004) . One additional point of note is that given that matings between individuals from different populations were no less likely than matings between individuals from the same population, this suggests that there is little evidence of reproductive isolation between our two study populations, despite significant geographical isolation between them. It is possible that reproductive isolation may be less easy to evolve in highly promiscuous species, due to continued gene flow in regions of parapatry (Parker & Partridge, 1998) .
These results all suggest that the strength and direction of sexual selection may vary between these two populations. The rate of female multiple mating and the level of male sperm precedence are key parameters in determining the optimal mating strategy for males and females, and to what extent the mating system is evolving under sexual conflict (e.g. Arnqvist & Rowe, 2005) . These differences are also likely to translate into differences in the variance in reproductive success both between the sexes and between populations, and this has important implications for the distribution of genetic diversity within and between populations (Nunney, 1993; Caballero, 1995; Charlesworth, 2001) . Variation in sexual selection and mating behaviour between populations will therefore have significant consequences for the ability of species to adapt. ACKNOWLEDGEMENTS. This work was supported by a BBSRC studentship to PRH and a NERC Advanced Fellowship to DMS. PRH is supported by a NERC Postdoctoral Research Fellowship. We thank D. Bertrand, M. Chyb, R. Day, D. Farrington and I. Wright for technical assistance with ladybird work, and two reviewers for comments on the manuscript.
